Rationale: Acute Respiratory Distress Syndrome (ARDS) is an acute hypoxemic respiratory failure seen in critically ill patients following an inciting injury. The burden of ARDS mortality in the United States (US) in recent years is not well characterized.
an increase in incidence from 36 cases per 100,000 to 106 cases per 100,000 with a steady decline in case-fatality rates (7) .
In this study, we aim to describe the temporal and geographic trends in the annual incidence of ARDS mortality in the US from 1999 to 2013 using a complete national sample. We also aim to describe demographic characteristics and other associated causes of death in this population.
Methods

Data Source and Definitions
All data for these analyses were collected from the National Center for Health Statistics'
Multiple Cause of Death (MCOD) database. The MCOD is derived from the National Death Index and contains information from death certificates of every US resident who died within the fifty states and District of Columbia, and is publicly available through the Centers for Disease Control and Prevention (CDC) WONDER web site as aggregated, not individual-level data (16) . MCOD data designates one underlying cause of death and up to 20 additional contributing causes of death. The multiple sequential human and then computer systems developed by the National Center for Health Statistics to extract text diagnoses from the death certificate, convert them into numeric codes and then process and organize them are described in documentation from the CDC (17) .
All deaths in the US from 1999-2013 were eligible for inclusion in this study. We excluded deaths of individuals with an age less than 1 year-old or whose age was missing. We narrowed the study time period to 1999-2013 for uniformity in the outcome definition, since 1999 was the year that cause of death coding transitioned to the International Classification of Diseases, 10 th Revision (ICD-10).
We defined ARDS-related mortality as a death with the ICD-10 code J80 (Adult Respiratory Distress Syndrome) listed among any of the 20 causes of death. Other variables reported included age category, race, ethnicity, sex, other associated causes of death and the urban-rural designation and US Census Bureau geographic division of the legal residence at time of death. We included deaths with race coded as Asian or Pacific Islander, Black or African American, and White; those coded as American Indian or Alaska Native were excluded due to small numbers.
Geographic information was based on location of legal residence at time of death as indicated on the death certificate and if not provided, residence was assigned to the place where the death occurred. Urbanization classification was determined by county per the 2006 NCHS Urban-Rural Classification Scheme (18) .
To characterize other acute injuries associated with ARDS-related mortality, we further categorized cases as associated with septicemia, influenza and pneumonia, trauma or pneumonitis due to food and vomit by the other ICD-10 codes listed on the death record. We used a previously published ICD-10 definition of septicemia-associated cases (supplementary Table E1 ) (19) . Trauma-associated deaths were defined by modifying the National Trauma Data Standard inclusion criteria ( Supplementary Table E2 ) (20) . Influenza and pneumonia-associated deaths were defined by ICD-10 codes J09 through J18 ( Supplementary Table E3 ). Pneumonitis due to food and vomit-associated deaths were defined by ICD-10 code J69.0. Of note, these sub-categorizations of ARDS associated with other specified causes of death are not mutually exclusive. For example, a hypothetical death record listing ARDS, a trauma diagnosis and a septicemia diagnosis would be counted twice as both an ARDS associated with trauma death and an ARDS associated with septicemia death for this particular part of the analysis.
Sensitivity Analyses
In responding to scientific review and revising this work, several post hoc sensitivity analyses were performed. We re-performed analyses of ARDS trends in the US with ARDS death defined only as the underlying causes of death, i.e. when it is listed in the first position on the death record. Of note, since this predictably produces smaller death counts, not all analyses could be performed as CDC WONDER suppresses output of any estimates based on death counts below a certain cutoff (generally either 10 or 20 depending on the geographic substrata of analysis). Furthermore, we graphed temporal mortality trends of other respiratory failure diagnoses that may mimic or be recorded in place of ARDS including acute pulmonary edema (J81.0); acute respiratory failure, unspecified (J96.0); respiratory failure, unspecified (J96.9).
While we attempted to include transfusion-related lung injury (J95.84) in this list, the MCOD databases does not delineate the J95.8 group to the hundredth decimal position, Therefore we could not isolate this diagnosis from the others in the group which include other post-operative pulmonary complications. Finally, we graphed published results of death counts from clinically determined ARDS in Olmsted County, Minnesota from 2001-2008 alongside death counts from various acute respiratory diagnoses within this same county as determined
Results
Trends in ARDS-Related Mortality in the United States
In the 15 year time period 1999-2013, there were 36,424,223 total deaths in the US with156,357 entries listing ARDS as any cause of death, meeting our study definition of ARDSrelated mortality. The proportion of ARDS-related mortality where ARDS was listed as the principal underlying cause of death was 15.6% in 1999 and 16.5% in 2013. The majority of deaths (94.9%) occurred in an inpatient medical facility with small proportions occurring before arrival to the hospital (0.1%), in the emergency room (1.2%), in the decedent's home (1.0%), a hospice facility (0.3%), a long term care facility (1.5%), or location unknown (1.0%).
The overall number of ARDS-related deaths in the US as determined by MCOD records decreased over the study period, from 13,612 in 1999 to 9,762 in 2013. The corresponding ARDS-related age-adjusted mortality rates also decreased from 5.01 per 100,000 persons (95% Confidence Interval (CI) 4.92 -5.09) to 2.82 per 100,000 persons (95% CI 2.76 -2.88) for 1999 and 2013 respectively (Figure 1 , Supplementary Table 4 ). Figure   E1 ).
Demographic Characteristics
There was no effect modification of time in years on the relative age-adjusted mortality rates by race (χ2 test for interaction P=0.24) as exemplified by the observation that the rate ratio between Black/African Americans and Asian/Pacific Islanders did not grossly change from 1999 to 2013 (IRRs 1.30 and 1.27, respectively) Furthermore, the differences in mortality rates by race depended on age and were the most pronounced in the 45-64 year-old age groups with a changing pattern after an age of approximately 70 years ( Figure 2 ). There were no significant differences in the average age-adjusted mortality rates between Hispanics and non-Hispanics (IRR 1.05, 95% CI 0.97 -1.14).
Geographic Distributions
There was variation in average annual age-adjusted ARDS-related mortality rates by US Census Region (maximum 3.39, minimum 2.96, and absolute difference 0.43 deaths per 100,000) and US Census Division (maximum 4.50, minimum 2.95, and absolute difference 1.55 deaths per 100,000) ( Table 2 ). There was even more variation among states with Alabama having the highest annual average mortality rate (5.47 per 100,000) and New York having the lowest (2.55 per 100,000) (Supplementary Table 5 , Figure 3 ). In addition to a geographic distribution with higher risk concentrated in the Southeastern states, the pattern of ARDS-related deaths also demonstrates a seasonal periodicity over the course of each calendar year with higher death counts in the winter months and a nadir in the summer months ( Supplementary Figures E2 and   E3 ).
Other Causes of Death Associated with ARDS-Related Deaths
Averaged over the study period, influenza and pneumonia diagnoses were listed as another underlying cause of death in 35.1% of ARDS-related deaths. Septicemia diagnoses, trauma diagnoses and the pneumonitis due to food and vomit diagnosis were each listed as other diagnoses in ARDS-related deaths in 28.1%, 2.5% and 6.4% of death records respectively (these are potentially overlapping categories). Figure 4 displays the annual percentages of ARDSrelated deaths with these diagnostic categories also listed on the death record. Influenza and pneumonia had an average 0.4% increase per year with a notable spike in 2009, septicemia had 0.3% increase per year, and pneumonitis due to food and vomit had 0.2% increase per year while trauma had 0.1% decrease (Supplementary Table 6 ). Since the MCOD database can provide data at the county-level, we graphed temporal trends of ARDS-related death counts alongside death counts from other respiratory diagnoses in Olmsted County, Minnesota ( Figure 6 ). We then superimposed the annual ARDS death counts provided in the results from the Li et al. clinical study of ARDS incidence that captured all of Olmsted County from 2001-2008 (8) . Given the dataset's rules regarding suppression of data with counts below 10 at the county-level, ARDS-related deaths and 'Acute respiratory failure' do not appear on the graph while the counts from 'Respiratory failure, unspecified' and 'Pneumonitis due to food and vomit' lie above the clinically determined counts from Li et al. (8) .
Post-hoc Sensitivity Analyses
Finally, the primary analyses were re-performed using an alternative case definition, with an ARDS death defined as the ARDS diagnosis listed as the principle underlying cause of death (UCOD) rather than among any of the potentially 20 diagnoses listed on the death record (MCOD). Figure 1 includes the temporal trends of ARDS mortality as UCOD in the US, showing a decreased magnitude of cases when compared to ARDS as MCOD, but with a similar nonlinear, downward trend with a slight increase in 2009 and then a plateau. More specifically, the ageadjusted mortality from ARDS as UCOD decreased from 0.79 per 100,000 (95% CI 0.76 -0.83) in 1999 to 0.45 per 100,000 in 2013 (95%CI 0.43 -0.47). In regards to the relative risks calculated using the UCOD and MCOD definitions, the directions of the IRRs are consistent with some differences in magnitude ( Supplementary Table E7 ). Some of the geographic comparisons of
ARDS-related mortality do change depending on case definition, particularly in the Northeast and West Census Regions and Middle Atlantic, South Atlantic and Pacific Census Divisions
( Supplementary Table E8 , Supplementary Figure E4 ).
Discussion
This study represents an important examination of the national epidemiology of ARDS-related mortality in the US from 1999 to 2013, addressing temporal, seasonal, geographic and demographic trends as well as highlighting inconsistencies between administrative and clinical data in the US. The national ARDS-related mortality generally decreased from 1999 to 2007, increased in 2009 when the US was afflicted by the H1N1 influenza pandemic and has been relatively stable from 2010 to 2013. The current observed trend is a consistent continuation of the trends noted by a prior US study spanning 1979-1996, which employed the same dataset but used ICD-9-CM codes to define ARDS (where we used the ICD-10 codes that were implemented in this dataset in 1999). That study demonstrated an increase in ARDS mortality from 1979-1993 from 5.0 to 8.1 deaths per 100,000 persons with a subsequent decrease from 1993-1996 to 7.4 per 100,000 persons, identifying a nearly continuous decline of ARDS-related deaths that are coded on death certificates from 1993 to 2013 (11) .
Data Set
Given that this study utilized a dataset accounting for every recorded death certificate within the US, its results are representative only of the trends and burden of ARDS-related deaths captured by ICD-10 coding practices. While its strength is that it includes the entire US population without any sampling performed, a limitation of this study is that it cannot address the specific reasons for these trends. The decline in ARDS-related mortality from 1999-2007 could be due to decreases in: 1) the incidence of ARDS, 2) the case-fatality rate from ARDS, 3) both of these metrics and/or 4) death certificate coding.
Comparison to Other Studies
In trying to disentangle these mechanisms using results of other studies that clinically define ARDS cases, we discover conflicting results. We find similar absolute numbers in several European studies, much higher numbers in US studies and at least two different patterns of the case incidence/case fatality trends. An incidence study using a sample of hospitals in Spain in per 100,000 with a 37.0% in-hospital fatality, estimating an average of 2.6 ARDS-related deaths per 100,000 (22) . This Icelandic study also demonstrated increasing ARDS case incidence with a concurrently decreasing ARDS case-fatality (22) .
In the US, one study examining a large representative sample of national hospital discharges from 1992-2007 demonstrated a similar longitudinal pattern of an increase in the incidence of ARDS with an overall decline in case-fatality yet with significantly larger incidences ranging from 36.1 to 106.1 per 100,000 persons (7) . Another study of patients participating in clinical trials of ARDS, while unable to estimate a population incidence, demonstrated decreases in case-fatality from ARDS from 1996-2005 (23) . In contrast, a study of Olmsted County, Minnesota from 2001-2008 showed a declining incidence of ARDS (ranging from 82.4 to 38.9 cases per 100,000) without a change in case-fatality (8) . Finally, in a 16-month study spanning 1999-2000 in King County, Washington there was an estimated 86.2 cases per 100,000 with an in-hospital mortality of 38.5%, estimating 33.2 ARDS-related deaths per 100,000 (estimate plotted in Figure 7 for comparisons) (9) . Therefore, there is not a completely uniform pattern of trends in case incidence and case-fatality across these studies that determined ARDS cases using clinical data.
Coding Practices
In regards to the confounding of coding practices on the results, our data suggest several key points. Changing our case definition from ARDS as a diagnosis listed among any on the death record to ARDS listed as the principle underlying cause of death did not greatly effect estimates of relative risk of ARDS-related death across demographic characteristics but did reveal different relative risk estimates based on geographic characteristics. This suggests regional differences in ARDS death certificate coding practices. Additionally, the low estimates of ARDS deaths observed in this study when compared to results from clinical studies suggests that a majority of ARDS-related deaths are not being coded for on death certificates. In further regard to the other causes of death associated with ARDS-related mortality, trauma as an additional cause of death comprised only 2.5% of ARDS-related deaths. This may be due the fact that ARDS secondary to trauma seems to have a lower incidence and a lower case fatality or that surgeons may be less likely to code for this diagnosis than internists (9, 22, 24) . Septicemia diagnoses listed as another cause of death comprises a major portion of ARDSrelated deaths at 28.1%. The limitations of this dataset unfortunately, did not allow us to calculate precisely how many ARDS-related deaths were recorded on death records without an accompanying causal diagnosis.
These are troubling findings since ARDS and the severe respiratory and commonly associated multi-organ failure should be sentinel clinical events proximate to the time of death.
Given that the listing of diagnoses on a death certificate has no financial incentives, the conceivable hypotheses as to why ARDS is under-coded on death certificates are numerous.
We hypothesize that these findings result from a combination of the following: 1) physicians not confidently recognizing the diagnosis,; 2) the decreasing use of routine chest radiographs and arterial blood gases needed to make the diagnosis; 3) physicians erroneously filling out the document; 4) ARDS cases surviving longer until time of death, leading to the diagnosis being less salient; and 5) increases in transfers to palliative care facilities where the diagnosis may be less commonly utilized.
Demographics
This study does reveal relative disparities in ARDS-related mortality. Of note, it does not distinguish that these disparities are necessarily specific to ARDS and therefore, the observed disparities may be a reflection of overall trends for all-cause mortality. With this in mind, males had an approximately 30% higher age-adjusted mortality rate over the study period. In regards to race, Black/African Americans suffer an approximately 30% higher mortality rate than Whites or Asian/Pacific Islanders. However, given that the overall mortality rates from ARDS have been decreasing over time, the absolute mortality difference between racial groups may be decreasing.
In regards to geographic trends, it is not surprising that more variation in ARDS-related mortality is revealed the smaller the geographic unit analysis and at the state-level there are states that have ARDS-related mortality rates outside of the 95% CI of the national average rate.
In general, there seems to be higher rates of ARDS-related mortality in the southeastern states as well as in Washington State. Since the granularity of the data source does not allow further Page 16 of 45 investigation as to the causes of this geographical distribution, explanations remain purely speculative but include: differences in underlying all-cause mortality rates, differences in underlying comorbidity and severity of illness, differences in recognition and coding, and potentially true differences in underlying ARDS-inciting events.
A further important implication of this geographical variation may be that it advises caution in generalizing the results of epidemiological studies drawn from a specific geographic area (8, 9) . In regards to the seasonal variation of ARDS-related mortality, there is a peak in the winter months that we speculate is likely due to the fact that the influenza and pneumonia diagnoses are associated with 35.1% of ARDS-related deaths and these respiratory illnesses cluster in the fall and winter seasons in the northern hemisphere.
Conclusions
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